In this study, a thermal chair prototype was developed that allowed personal control over the temperature settings of the back-rest and the seat. Limited research focuses on different methods to provide individual user control over the thermal environment. This is particularly difficult to achieve in an open plan office setting, where changing the temperature in one area directly influences the comfort and satisfaction of other occupants seated nearby. In this study, the application of the thermal chair was analysed using Computational Fluid Dynamics (CFD) and field-test analysis in an open plan office in Leeds, UK during winter. The results of the CFD model indicated an improvement in the local thermal comfort of the user. The CFD analysis provided detailed analysis of the thermal distribution around a siting manikin and was used to design and construct the thermal chair. The results of the field data survey indicated a great improvement in users' comfort (20%) and satisfaction (35%). This study concludes that local thermal control of the occupant improves their overall thermal comfort. It recommends further work to optimise the design of the thermal chair and to improve the modelling for better predictions.
Introduction
The research in the field of thermal comfort is mainly focused on what temperatures satisfy all in order to produce standards and guidelines [1] . Individual differences in perceiving the thermal environment are ignored [2, 3] . Hitchings argues that 'instead of talking about what temperatures feel neutral in particular places when we have already accepted this to be dynamic, the ambition may now be to reveal which techniques people are willing to employ to get through particular periods more sustainably' [4] . However, limited research is focused on different methods to provide individual user control over the thermal environment. This is particularly difficult to achieve in an open plan office setting, where changing the temperature in one area directly influences the comfort and satisfaction of other occupants seated nearby [3] . Furthermore, providing users with lower power devices to control their local thermal environment allows them to remain comfortable over a wider range of ambient temperatures. While, allowing the indoor temperature to vary by a few degrees can result in large energy savings because the space is conditioned less intensely and less often [5] . In this study, a thermal chair was designed, constructed and analysed that allows individual thermal control. The application of this thermal chair was analysed using CFD and field analysis.
Previous Related Work
There is a contradiction between literature and practice about providing user control over the thermal environment [6, 7] . The literature suggests the use of thermal control for occupants to increase their comfort and satisfaction [5, 8] , because occupants use the actual and potential variations in room temperature [9] . In addition, thermal control is predicted as an important asset to the workplace in the future [10] . On the contrary, currently in practice, occupant control over the thermal environment is being replaced with centrally operated thermal systems [11] to simplify the management of thermal systems and to avoid users interfering with it [12] . University of Berkeley is leading the research on Personal Control Systems (PCS) [5, [13] [14] [15] . Ventilated office chairs were reported as successful to cool and to improve user comfort in experimental chambers [16] . The successful use of heated and cooled chairs in the car industry were also reported [17] . Pasut et al. (2013) studied the application of a heated/cooled chair (active chair) in an experimental chamber [13] . They found that the use of the active chair improves occupants' comfort and satisfaction. They found that the heating impact of the chair is more effective and satisfying for users than the cooling impact. These studies mainly did not apply CFD analysis and real life situations.
Research Methodologies
This study investigated the application of CFD and field studies of thermal comfort to analyse the performance of a thermal chair used in an open plan office. A thermal chair was designed with separate temperature controls for the seat and back, as demonstrated in Fig. 1 . The chair was incorporated with two heating elements pads that covers the seat and back rest areas (max 30W each pad). 
Computational Fluid Dynamics (CFD) modelling
The basic assumptions for the CFD simulation include a three-dimensional, fully turbulent, and incompressible flow. The CFD code was used with the Finite Volume Method (FVM) approach and the controls Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) velocity-pressure coupling algorithm with the second order upwind discretisation. The standard k-e transport model was employed [18] . The geometry (Fig. 2) was created using CAD software and then imported into ANSYS to create a computational model. In this study a sitting manikin was used to analyse the impact of the thermal chair on the prediction of airflow velocity and temperature field. It should be noted that the manikin in the study was non-thermal and only intended to replicate the physical shape of the person. Hence, the effect of the heat released by the manikin on the surrounding airflow field (thermal buoyancy flow) is not simulated, which will have overall impact on the thermal comfort predictions. The study by [19] details the impact of simplified methods on thermal airflow fields in the vicinity of surfaces. Fig. 2 shows the geometry of the thermal chair with the manikin (1.8m standing height) inside the computational domain (4.8m width x 3.8m length x 3m height). One side of the computational domain was set as velocity inlet simulated; (a) office chair with heated seat (heat flux: 40 W/m2) and back rest (heat flux: 40 W/m2) and (b) 250mm diame Due to the complexity of the model, a non-uniform mesh was applied to volume and surfaces of the computational domain [20, 21] . The generated computational mesh is shown in Fig. 1 . The grid was modified and refined according to the critical areas of interests in the simulation. The size of the mesh element was extended smoothly to resolve the areas with high gradient mesh and to improve the accuracy of the results. The computational mesh was based on a sensitivity analysis which was performed by conducting additional simulations with same domain and boundary conditions but with various grid sizes. Fig. 2 summarises the set boundary conditions.
Field studies of thermal comfort
The thermal chair was tested in November 2014 by 45 individuals (30 males and 15 females mainly between 20 to 50 years old) in the real context of an office, where mainly sedentary activities took place. This was a mechanically ventilated open plan office in the University of Leeds. Respondents' views and thermal environmental conditions were recorded before and after using the chair for a duration of an hour during the working hours. The ASHRAE seven-point scale thermal sensation, comfort and satisfaction were used. Environmental measurements were applied instantly at the workstation level simultaneous with the occupant responding to the questionnaire. Fig. 3 compares the predicted thermal distribution around the manikin with heated office chair and normal chair. As observed, the thermal chair (Fig. 3 left) heated the seat and back rest areas between 25-35 C. While for the case of the space heated with underfloor air jets, the temperature around the manikin range between 23-24 C. Table 1 summarises the predicted comfort levels in the vicinity of the manikin surfaces. Based on the PMV predictions, improved comfort levels were observed for the back area and upper legs area. The seat area went from -0.42 (neutral) to 0.78 (slightly warm) when the chair was heated, Hence, there should be separate controls for the seat and backrest area and this was implemented in the design of the chair used in the field tests. In addition, a significant improvement is predicted in the thigh/upper legs area. Field studies of thermal comfort were applied before and after using the thermal chair and Users' views were compared. They had much higher comfort level after using the chair, as presented in Fig. 4 , the number of comfortable and very comfortable occupants changed from 57% to 77%. The thermal sensation bar chart shows that slightly warm or neutral before the experiment, while after using the chair majority of them felt slightly warm or warm. The number of occupants feeling a neutral thermal sensation dropped from 32% to only 9%, while their comfort level and satisfaction increased. Their satisfaction increased from 45% to 80%, as illustrated in Fig. 5 . Majority of the occupants set the temperature of both the seat and the back between 29 to 35°C, which was close to the range predicted by the CFD analysis. 43% reported to desire no change in the temperature and 39% preferred slightly warmer temperature. This suggested that occupants preferred to feel slightly warm to warm. 82% of the occupants expressed their satisfaction level as "satisfied" or "very satisfied" regarding the performance of the thermal chair, as demonstrated in Fig. 5 . 
Analysis

Discussion, Conclusion and Future Works
The CFD analysis showed an increase in the local thermal comfort (slightly cool to neutral for the back and neutral to slightly warm for the seat). The results showed the importance of using detailed CFD analysis to evaluate the performance of the thermal chair. The CFD analysis showed that separate control is necessary to further optimise the comfort levels. The overall thermal comfort of the person was predicted quite close before (i.e -0.56 slightly cool) and after using the chair (i.e. -0.08 neutral). The results of the field study suggested much higher comfort and satisfaction after using the thermal chair, as the overall user comfort was improved by 20% and satisfaction by 35%. It also indicated that users reported to feel slightly warm to warm at their back and the seat, which was in line with the temperature settings they used on the chair. This suggested that occupants preferred to feel slightly warm or warm and not necessarily neutral in order to feel comfortable. This study recommends the requirement to improve the CFD modelling and analysis according to accurate modelling of human models and to consider other thermal sensations for comfort (e.g. slightly warm or warm). Furthermore, it is proposed that a change in local temperature of body parts (e.g. seat or back) improves overall thermal comfort of the occupant. Finally, the design of the chair will be improved to include heating and possibly cooling for other body parts as well as sensors for energy efficiency.
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